Abstract
Research Chi-Chun Chen rat's body. Particularly, rats must be physically confined to some extent for successful data sensing, meaning that physiological monitoring cannot be performed on rats in the running state. Though there have been a wide variety of animal physiological measurement apparatus, the integration of a measurement apparatus into an animal test bed remains hardly addressed, presumably due to the difficulty in motion artifact removal.
Motion artifact refers to a collective signal disturbance resulting from the relative movement between a creature under test and the sensors attached thereto, and have long been a key challenging issue in exercise physiology. As the worst case, physiological signals may be completely overridden. In this work, measurements were conducted on not wellcontrolled rats, meaning that it is definitely a non-trivial task to remove the unwanted motion artifact. In an attempt to extract the signal of interest, motion artifact was removed herein using a combination of PPG signal capturing in the front end and a non-stationary signal processor in the back end. Once validated, this work is expected to be widely applied to the studies in physiology and related fields. This paper aims to integrate a running wheelbased test bed and a mechanism to quantify the benefit of exercise to ischemic stroke prevention, and is expected to be applied to further studies in relevant disciplines in the future. This innovation provides a more convincing analysis on physiological conditions, due to non-invasive measurements and a low physical confinement imposed on rats.
Methods
As a three-stage approach, this work is outlined as follows. In Stage 1, a non-invasive physiological measurement apparatus is developed with photoplethysmogram (PPG) and a triaxial accelerometer as a front-end sensor set, and a front-end circuit is designed as well to acquire PPG signal. Subsequently, the signals acquired in stage 1 are processed in Stage 2. This is done by firstly removing the motion effect using the feedback signals of the triaxial accelerometer as a reference, and then the desired PPG signal of a rat in motion can be effectively extracted by taking Hilbert-Huang transform (HHT). Finally, Stage 3 is designed to validate the performance of this apparatus in four states, i.e. the anesthetized, restrained, freely moving and running states.
Introduction
The benefit of exercise has long been well validated in the literature, e.g. cardiovascular disease prevention [1] [2] , brain ischemic tolerance improvement [3] [4] , and more. However, physical impairment due to excessive exercise had been reported as well, such as muscle cramps [5] , osteoarthritis [6] , rhabdomyolysis [7, 8] , serious renal injuries [9] and sudden cardiac death [10] . Hence, benefit of exercise to illness prevention has long been an issue of great interest in physiology and related disciplines, but in the absence of an easy-to-use, but high performance, tool for physiological monitoring, say, heart rate variability during exercise.
So far, animal tests for exercise effect investigation are often conducted on rodents, e.g. rats [11] [12] [13] [14] . Today, treadmills and running wheels are the most common animal test beds to observe the benefit of physical training. As in [11, 14, 15] , animals under test were trained at a constant running speed for a specified duration, as an exercise preconditioning for subsequent study on ischemic stroke effect. The preconditioning can be classified as effective and ineffective, and was defined as the incidents when a rat stumbles, falls and even grabs the rail once unable to catch up with the running wheel speed [16] [17] [18] . Needless to say, incidents of ineffective exercise significantly reduce the exercise benefit, and it was validated to be correlated with the brain infarction volume using an IR sensor-equipped running wheel [17] . Up to now, physiological signals are measured in an invasive and a noninvasive manner. In the former case, sensors must be embedded into animals by surgery in advance, which cannot be performed on tiny mice [19] [20] [21] [22] , resulting in an increase in the experiment complexity, and rats have the risk of infection as a consequence [23] . Even though invasive measurement apparatus were designed to monitor the physiological conditions of rats in either anesthetized or conscious state with a low physical confinement feature [22] , a major disadvantage is the battery capacity limit of a battery powered wireless transmission module, that is, a long-term monitoring is non-feasible. Consequently, non-invasive physiological measurements were conducted in two ways. In the first way, measurements were performed on restrained and conscious rats [24] [25] , while, in the second way, body-worn sensors were employed to eliminate the above-stated physical restraint [23] . However, it is rather difficult to place a sensor precisely onto a specific spot of a A Tail-Worn Sensor-Equipped Heart Rate Measurement Apparatus for Ischemic Stroke Prevention
Non-invasive physiological measurement apparatus
As explicitly stated previously, Stage 1 aims to develop a non-invasive physiological measurement apparatus. As illustrated in Figure  1 , the left half involves a PPG array circuit, formed by 3 independent PPG extraction circuits, and a triaxial accelerometer circuit, and can be powered by a 9 V battery, or plugged into AC power sources through an adapter. Through respective voltage regulators, the power supply powers the PPG array circuit, the triaxial accelerometer extraction circuit and an ARMbased microcontroller unit (MCU). Extracted signals can be simply stored in an SD card, or transmitted to a PC via an USB to UART bridge for subsequent signal processing.
PPG extraction circuit
Periodic variation in blood concentration and PPG signals are sensed using a reflective optical sensor TCRT1000, consisting of an IR emitter and an IR phototransistor. This is done by means of the intensity of the reflected IR signals from the tail of a rat. The PPG sensors can be placed anywhere due to the fact that there are plenty of micro blood vessels and four major vessels over the tail, meaning that the ECG sensor alignment problem suffered in a conventional body worn device can be completely resolved [23] . As illustrated in Figure 1 , a PPG array circuit, composed of three independent extraction circuits, is employed herein to measure PPG signals at various locations followed by corresponding INA333 instrumental amplifiers. As expected, PPG signals are accompanied by DC offset, breath, body jitters, 60 Hz signal and higher frequency components, all of which are treated as noise and can be filtered out using a 2nd order low pass Butterworth filter with a cutoff frequency of 20 Hz. As illustrated in Figure 2 , the filtered PPG signals are then applied to a cascade of 3 amplifiers with a gain of 10 for subsequent motion artifact removal. The output signal of each stage is then converted into digital form using an ADS8344 ADC.
Triaxial accelerometer extraction circuit
As illustrated in Figure 3 , an LIS344ALH 3-axis accelerometer is employed as the front-end sensor, and the acceleration signals along the x, y and z axes are applied to respectively voltage followers to avoid loading effect. The output analogue signals are then converted to digital forms using an ADS8344 ADC, as in Figure 3 .
PPG signal extraction
In Stage 2, signal processing is performed on the raw PPG signals of a rat in motion. The unwanted motion artifact effect can be removed to a certain extent using the output signal of the ADS8344 in Figure 3 as a reference, after which desirable PPG signals can be extracted using Hilbert-Huang transform (HHT).
PPG signal processing
Motion artifact has long been an issue of interest and great concern in the literature, simply for the reason that it significantly interferes with the desired physiological signals. Using a PPG sensor array, raw signals are measured at 3 positions, each of which is then amplified 10, 100 and 1000-fold, as a way to prevent signal saturation due to over amplification. Moreover, the output signals of a triaxial accelerometer were employed as a reference in an attempt to remove a motion artifact. As illustrated in Figure 4 , this study is presented as a two-stage mechanism. Stage 1 is designed to remove motion artifact using an adaptive filter. A raw signal, decomposed into a desired PPG signal and the noise n 0 , is applied to an input of the adaptive filter, and the noise n 1 , correlated with no but uncorrelated with S, is applied to the other input. n 1 is simply the above-stated reference to remove the motion artifact, and the output Y can be found using the transfer function H. The desired PPG signal is approximated as the output Z = S + n o -n 1 . In theory, there is no way that no can be completely removed using a time-invariant filter, since the motion artifact is time-dependent, meaning that the filter must be made adaptive, using the output Z as a feedback signal for H. As illustrated, the output signal Z, sorted into poor and good signals according to the level of motion artifact, is further processed in Stage 2 for accurate signal extraction. Poor and good signals are processed using HHT and a zero-phase digital filter, respectively.
Post-end signal processing is performed using HHT [26] , since the measured PPG signals would be very likely either unsteady or nonlinear. HHT is an empirical way of signal processing, and has been widely and successfully applied to signal extractions in health care issues, e.g. heart rate variability [27] and blood pressure measurement [28] . HHT was developed as a 2-stage approach. In stage 1, a piece of data is decomposed into a number of intrinsic mode functions (IMFs), using the empirical decomposition (EMD) technique. In stage 2, A Tail-Worn Sensor-Equipped Heart Rate Measurement Apparatus for Ischemic Stroke Prevention signal extraction is performed on the IMFs using HHT. As illustrated in Figure 5 , Steps 1-6 are repeated to find IMFs until a monotonic function r n (t) is seen. For instance, IMF(h 1 ) = X(t) -m 1 represents the first component, where X(t) and m 1 symbolize an original signal and the envelope of the mean value, respectively, etc. Energy-frequency-time distributions of all the IMFs are then revealed using HHT.
Performance validation
In this work, three-stage performance validation is performed in the anesthetized, restrained, freely moving and running states, as illustrated in Figure 6 . Excluding the anesthetized case, rats are all tested in conscious state. Steady heart rate is measured in the first validation stage. In contrast, a heart rate comparison is made in the anesthetized, restrained and freely moving states before and after using Epinephrine. In the first two validation stages and in the anesthetized state, performance is compared with a BIOPAC MP150 data acquisition system. In the final validation stage, motion artifact is firstly removed in an effective manner using an adaptive filter, and the heart rate signals of interest in running state are then accurately extracted from raw PPG signals using HHT.
Heart rate measurement in the anesthetized state
As a preliminary step to conduct experiments, a rat was anesthetized using (1-2 g/kg, i.p. Sigma, China). Once the rat was in the anesthetized state, a PPG sensor array was attached to its tail for subsequent measurement. Illustrated in Figure 7 Meanwhile, the physiological signal measurement was conducted using a BIOPAC MP150 data acquisition system for comparison purposes. BIOPAC MP150 uses a physiological amplifier, taking signal form a femoral artery, to monitors physiological conditions. A BIOPAC MP150 operates at a sampling rate of 1 KHz, while the presented apparatus works at 100 Hz. For this sake, the PPG data sampled by the BIOPAC MP150 must be resampled for a linear regression Research Chi-Chun Chen analysis. There is a correlation up to 0.97 in the anesthetized state.
Test on varying heart rate
Epinephrine is known to speed up the heart rate of the mammals, and is treated as a way to validate the performance of this work. Illustrated in Figure 8(a) are the raw PPG signals at respective stages, and effect of Epinephrine is significantly reflected by the first stage output signal during the Epinephrine injection, while is accompanied by signal saturation at the second and the third stage due to over amplification, until the effect is gone. The high signal fluctuation may be ascribed to the pressurized blood vessels during the Epinephrine injection. 
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As illustrated in Figure 6(b) , the restrained state refers to a state in which a rat under test is physically and tightly confined within a small acrylic case, but remains in conscious state. As in the anesthetized state, epinephrine is used to speed up the heart rate for the performance validation of this work. Just as in Figure 9(a) , there are a tremendous signal variation in the first stage and signal saturation in the second and the third stages of the cascade amplifier. Bandpass filtering of the raw PPG signal in Figure 9 (a) clearly gives a dominant frequency in Figure 9(b). Figure 9 (c) gives a detected peak comparison before and after the use of Epinephrine, reveals a rise in the heart rate, and indicates an average RRI of 0.13. In comparison with Figure 7(d) , there is a minor upward shift over low frequency components in Figure 9(d) .
In the freely moving state, the PPG sensor array was first attached to the rat's tail, and the rat was placed in an uncovered box for observation, as illustrated in Figure 6(c) . The rat was taken out of the box, and the upper part of the body, including the head, was wrapped using a piece of opaque fabric for the injection of epinephrine. The rat was replaced into the box right after the injection. Figure 10 A saturated during the injection, as in the precious two cases. As illustrated in Figure 10(b) , there was a significant rise in the power spectrum of a bandpass filtered PPG signal below 5 Hz, as an effect of motion artifact. Instead, the heart rate signal of interest was suppressed considerably in this case. As in the previous two cases, there was a distinguishable difference in the peak detection waveforms between before and after the injection of epinephrine Figure 10(c) ). In comparison with Figure 7(d) , there was a slight increase in the HRV spectrum over low frequency components in Figure 10(d) .
Heart rate measurement in the running state
This presented apparatus aims to remove motion artifact in such a way as to extract the heart rate signal of interest in the running state. Motion artifact can be nothing more than acceptable level of noise, or can cause serious problems such as overriding PPG signals. In this work, raw PPG signals can be sorted into "good" and "poor" signals. In the former case, the desirable heart rate signal can be extracted simply using a bandpass filter and an adaptive filter. In the latter case, introduction of HHT is required for heart rate signal extraction. These two cases are detailed as follows.
Good signal case
"Good" signal processing is illustrated with Figure 11 . The upper half of Figure 11(a) gives the acceleration signals along the x, y and z axes of a g-sensor, and, for illustration purposes, the lower half is the amplified PPG signals at respective stages of a cascade amplifier. A close observation on the g-sensor signals reveals that there is a frequency consistency among the g-sensor signals. For the purpose of motion artifact removal, the strongest, but mostly unsaturated, signal is applied to the adaptive filter, illustrated in Figure 4 , as the input signal S + n o , and a g-sensor signal is as the reference signal n 1 . As illustrated in Figure 11 (b), bandpass filtering of the output signal at the second stage clearly indicates two dominant frequencies at 3.03 and 6.7 Hz, respectively. The major 3.03 Hz component is interpreted as an effect of motion artifact, while the minor 6.7 Hz component is presumed as the desired heart rate of a rat, and is completely filtered out subsequently, using the adaptive filter. Hence, it is evident that the 6.7 Hz component is the heart rate signal of interest. Figure 12(a) , the upper half of Figure  12(a) gives the acceleration signals along the x, y and z axes of the g-sensor, and, for illustration purposes, the lower half is the amplified PPG signals at respective stages of a cascade amplifier. The output signal saturation was very frequently observed at the second and the third stages. As illustrated in Figure  12(b) , a combined use of bandpass and adaptive filtering does not as in Figure 12 (b) to remove the motion artifact, nor does significantly highlight the presumed heart rate signal at 7.2 Hz. As can be found in Figure 12(c) , HHT now serves as a way to remove the unwanted motion artifact, and further highlight the 7.2 Hz component. 
As in

Protocol
Rats under test
Tested adult male Sprague-Dawley rats, weighing between 270-320 g, were purchased from the National Laboratory Animal Center, Taiwan. Exposed to 12 hours of daylight and darkness per day, they were raised in an airconditioned room at 24±1°C, and there was no food-water restriction in rats. All the experiments were conducted in day time, and the protocol was approved by the committee on the ethics of animal experiments in Chi Mei Medical Center, Tainan, Taiwan.
Middle cerebral artery occlusion (MCAo)
MCAo was induced with the intraluminal filament model by Longa [29] . Rats were anesthetized and maintained with 1-3% halothane in 70% N2O and 30% O2 with a facemask. Then, the left common carotid, internal carotid artery (ICA), and the external carotid artery (ECA) were exposed by a surgical operation. The CCA and ECA portions were then tied with a white thread. A filament (a 4-0 nylon suture with a blunted tip, 0.37 mm in diameter; Doccol Corporation, USA) coated with poly-Llysine was inserted into the right ECA. Next, the direction of the suture was altered toward the ICA and the suture was extended to occlude the MCA. Reperfusion was established by withdrawing the filament under anesthesia at the end of 60 min.
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Inclined plane test
An inclined plane test is a quantitative measure of a rat's motor function recovery after an ischemic stroke. The test is done by measuring the hind, or rear, limb grip strength of a rat. As presented in [30] , the test involved a 60×60 cm acrylic plane with the inclination angle ranging between 0 and 70 o . On the inclined plane, there was a rectangular box as a rat house and a rubber ribbed surface at the house exit. Once released from the house with the head downward in this work, a rat reflexly caught the rubber ribbed surface to avoid sliding down using hind limbs. Starting at an angle of 25 o , the motorized plane continued to incline until the rat failed to catch the rubber ribbed surface. Then the motor stopped, and the sliding angle was recorded.
Protocol
To begin with, rats under test were randomly sorted into the control and the exercise groups, each composed of seven members (n = 7). As in [17, 18] , a 3-week high-intensity physical fitness training program was conducted on all the rat members, five days a week. In week 1, the members were trained for half an hour with a maximum speed of 20 m/minute, in week 2 for an hour with a maximum speed of 20 m/minute, and in week 3 for an hour with a maximum speed of 30 m/minute. In contrast, all the members in the control group did not take part in any training program. As illustrated in Figure 13 , MCAo was performed on all the members of both groups right after the end of the training program, and a subsequent 7-day behavioral assessment was conducted using an inclined plane test.
Results
Heart rate observation over a complete cycle
As illustrated in Figure 14 , a complete measure cycle for rat runners is made up of 3 phases. Phases 1-3 refer to a 10-minute pre-exercise, a 1-hour exercise and a 10-minute post-exercise duration, respectively. Figure 14(a) gives the PPG signals in phase 1, accompanied by motion artifact in the freely moving state. Figure 14(b) gives the extracted PPG signal in the running state using an adaptive filter and HHT. Finally, Figure 14(c) gives a smooth post-exercise PPG signal in the absence of motion artifact, due to the fact that the rats needed to gasp for air and kept still accordingly. Figure 14(d) , the members of the control group were measured to have an average heart rate between 304 and 324 BPM. The heart rise linearly with time until 500 BPM was reached approximately at 5 minutes after the start of phase 2. Ever since, the heart rate was well maintained during phase 2 with an average of 487 BPM, and fell to 400-410 BPM at 3 minutes after the start of phase 3. It is noted that the average heart rate was measured as 405 BPM approximately at the end of phase 3, meaning that it took the rat runners longer than 10 minutes to recover the heart beat to its initial condition. Figure 15 gives a heart rate comparison between both groups during the 3-week physical training program. A 10-min PPG signal measurement was performed on the members of the control group at the same time each day, while was repeated on the exercise group during the preexercise phase for comparison purposes. As illustrated, the control group has an average heart rate of 356.89 BPM, while the exercise group has 358.31 BPM in week 1; 360.1 BPM, 328.21 BPM in week 2; 361.68 BPM, 312.91 BPM in week 3. A significant difference in the average heart rate in clearly seen between both groups in weeks 2 and 3, and is interpreted as a benefit of daily workout.
As illustrated in
Heart rate comparison between groups
Correlation between heart rate and inclination angle
In the 7-day behavioral assessment, inclined plane tests gave an inclination angle of 53±0.39 degrees in the exercise group, and 43±0.73 degrees in the control group, as a way to demonstrate a benefit of exercise preconditioning. With the measured inclination angles superimposed over the week 3 result of Figure 15 for comparison purposes, it is clearly seen in Figure 16 that there exists a negative correlation between the heart rate and the inclination angle, meaning that the heart rate can be viewed for sure as a measure of exercise preconditioning.
Discussion
This paper aims to develop a non-invasive apparatus for physiological signal measurement. PPG signals, accompanied by motion artifact, were sensed using a front-end sensor array attached to the tail of a rat under test, and desired PPG signal was extracted in the back end using an adaptive filer and HHT. The performance of this Research Chi-Chun Chen work was experimentally validated by the heart rate variability due to the use of epinephrine in the anesthetized, restrained and freely moving states. The heart rate signal of a rat runner is not only a function of the running speed, but also is susceptible to the motion artifact. For this sake, an output a g-sensor was applied to the adaptive filter as a reference signal for motion artifact removal. As a worse case, introduction of HHT is needed to remove the motion artifact for heart rate signal extraction.
This work offers an unprecedented advantage over others in the literature and commercially available devices due to the use of a front-end sensor array attached to the tail of a rat under test. The reason is simply that the tail is full of micro blood vessels and has 4 major blood A Tail-Worn Sensor-Equipped Heart Rate Measurement Apparatus for Ischemic Stroke Prevention vessels, meaning that there is no alignment problem between the front-end sensor array and a measurement spot. In simple terms, PPG signals can be sensed anywhere along the tail, not as in [23] , where there is a need to precisely attach a ECG sensor to a specific spot on the chest of a rat. For this sake, the physical confinement problem, experienced particularly in the running state, can be resolved not fully, but to a great extent. As many know, PPG signals are susceptible to motion artifact. A way is presented herein to effectively remove the motion artifact, and the heart rate signal of interest can be extracted consequently via the best of nine PPG waveforms in terms of unsaturated signal amplification. A combined use of the presented measurement apparatus and an IR sensor-equipped running wheel, as proposed in [17] , is expected to outperform the other testbeds in terms of signal stability, particularly in the running state. This is simply due to the fact that the IR sensor-equipped running wheel is designed to have an adaptive acceleration-training model to prevent rats under test from falling during a training program. Short of this training model, signal instability inevitably occurs when rats were trained using all the commercial treadmills and running wheels. Hence, this work stands as a superior testbed for physiological condition monitoring due to the use of well-measured raw PPG signal and a wellperform signal extraction.
Up to now, wireless physiological animal experiments are mostly conducted using invasive measurement systems. A major problem is the risk of surgery and the signal quality Research Chi-Chun Chen due to the way signals are acquired. Table 1 gives a comparison in many aspects among this work and representative pieces of prior art [19, 23, 25] , which are an invasive, a noninvasive, but location-dependent and a noninvasive, measurement apparatus, respectively. As clearly indicated therein, this work offers an advantageous way to measure PPG signals in terms of the physical confinement imposed on rats, the cost and the difficulty attaching sensors, an integration with a training model, and more.
Physiological response to exercise stress testing has long been an issue of great interest to medical research scientists [31] [32] [33] , while experimental results remain questioned since animals already got hurt to a certain extent after electrodes implantation surgery. For this sake, a wearable, low physical confinement, non-invasive physiological measurement apparatus was designed, integrated with a high-performance running wheel-based physical training mechanism, and expected to provide more convincing results. The exercise, but not the control, group members took a 3-week physical training program for heart rate comparison. Following well-performed signal extraction, it is indicated that the exercise group demonstrated a much lower average heart rate than the control group during the pre-exercise stage of week 2. The average heart rate was well maintained at 500 BPM approximately during the exercise stage, and went downward to somewhere between 400 and 450 BPM during the post-exercise stage, meaning that a 10-minute rest is not long enough to resume the initial state of heart rate. Following the 3-week physical training program, MCAo operation was performed on all the rat members in both groups, and motion function impairment was assessed using an inclined plane test. The exercise group members were found to have a lower average heart rate than the control group, a presumed advantage of exercise preconditioning. More importantly, there exists a negative correlation between the heart rate and the inclination angle of the test, evidence that the heart rate can be viewed as a measure of exercise benefit.
Thus far, there remains much room for the development of animal physiological monitoring systems as an effective stroke prevention mechanism. For this sake, a running wheelbased, and IR sensor-equipped, test bed was developed herein for monitoring on rats under test using a well-performed signal extraction. As an extension and an ultimate goal of this work, an objective, effective and particularly adaptive physiological monitoring test bed is scheduled to be developed by our team in the very near future for human stroke prevention.
Conclusion
This paper presents an IR sensor-equipped, running wheel-based rat test bed whereby noninvasive, physiological monitoring is performed on rats in four states, meaning that surgical risk in a conventional invasive measurement can be completely removed. Not as in existing wearable A Tail-Worn Sensor-Equipped Heart Rate Measurement Apparatus for Ischemic Stroke Prevention devices, the aim of low physical confinement can be reached by attaching PPG sensors to the tail root of a rat. The heart rate signal of interest can be successfully extracted out of raw PPG signal using an adaptive filter and HHT. All the rat members in the exercise group took a 3-week physical training program for a heart rate observation over a complete cycle, consisting of a pre-exercise stage, an exercise stage and a post-exercise stage. The exercise group members were found to have a much slower average heart rate than the control group in weeks 2 and 3. More importantly, the heart rate observation in week 3 clearly indicated a negative correlation with a quantitative measure, i.e. the result of an inclined plane test. In simple terms, the heart rate was experimentally validated herein as a non-invasive alternative to an inclined plane test for the assessment of physical impairment due to stroke. The benefit of exercise to disease prevention remains an issue of great interest in neurological physiology, while researchers have a difficulty monitoring the physiological conditions of animals in real time. For this sake, this paper presents a well-designed rat test bed as a solution to the abovestated problem for physiologists.
